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We report hybridization induced transparency (HIT) in a composite medium consisting of a meta-
material and a dielectric material. We develop an analytic model that explains HIT by coherent
coupling between the hybridized local fields of the metamaterial and the dielectric or an atomic
system in general. In a proof-of-principle experiment, we evidence HIT in a split ring resonator
metamaterial that is coupled to α-lactose monohydrate. Both, the analytic model and numerical
full wave simulations confirm and explain the experimental observations. HIT can be considered as
a hybrid analogue to electromagnetically induced transparency (EIT) and plasmon-induced trans-
parency (PIT).
INTRODUCTION
In the past decade, the research field of metamateri-
als encompassed a great variety of research topics rang-
ing from fundamental to application-oriented research.
Especially nonlinear metamaterials [1, 2], metamateri-
als with gain [3–5], actively tunable metamaterials [6–
8], transformation optics [9] and quantum metamaterials
[10–15] lay the foundation for the development of ground-
breaking photonic devices while they concurrently pro-
vide a rich nutrient medium for systematic studies of fun-
damental physical effects. In the latter context, metama-
terials can serve as important, artificially created model
systems for the investigation of novel phenomena that
cannot occur in natural materials. In particular, they
provide a suitable platform to study important analo-
gies between basic physical properties that occur in the
realms of different disciplines as e. g. analogue effects
in classical and quantum systems [10–12, 16], electro-
magnetic and acoustic/mechanical systems [9, 17], etc.
In this respect, it was recently shown that metamateri-
als can be deliberately devised to exhibit electromagnetic
properties that can be explained by the underlying con-
cepts of electromagnetically induced transparency (EIT)
in atomic systems [18]. In EIT, a spectrally narrowband
transmission window within a broad absorption band is
established by destructive interference between the tran-
sitions of atomic quantum states [19]. In the light of
a simplified explanation and exemplarily employing the
so called Λ-configuration, EIT involves three different
quantum states |a〉, |b〉 and |c〉. Hereby, the transitions
between states |a〉 and |b〉 and between |c〉 and |b〉 are
dipole allowed while state |c〉 is metastable with respect
to a transition between |c〉 and |a〉. In this system, popu-
lation can be transferred from |a〉 to |b〉 either by broad-
band absorption of an external probe field that drives the
direct path |a〉- |b〉 or alternately by the pathway |a〉-|b〉-
|c〉-|b〉. In the latter case, a dressing laser is required
to coherently couple the quantum states |c〉 and |b〉.
Under proper conditions, the transition paths interfere
destructively and a spectrally narrowband transmission
window opens up within the broadband absorption line.
In 2008, Zhang et al. theoretically described plasmon-
induced transparency (PIT) in a metamaterial, an effect
that strongly resembles EIT in atomic systems [10]. This
analogue phenomenon relies on destructive interference
between a bright dipole mode and a dark quadrupole
mode in artificially designed plasmonic structures that
mimic the role of artificial molecules. In 2009, Liu et
al. experimentally validated PIT in a plasmonic meta-
material [11]. The main advantage of dealing with PIT
in comparison to EIT is the ability to deliberately tailor
the total near- and farfield electromagnetic response of
the plasmonic system on a subwavelength scale. More-
over, PIT no longer requires a dressing laser. Although
it is possible from the principles to prepare the quan-
tum states of an atomic system within certain limits,
this task is much more involved in comparison with the
design and fabrication of plasmonic molecules. On the
other hand, the maximal achievable transparency and
dispersion in both systems is determined by the ratio be-
FIG. 1. Level scheme of a hybrid system composed of a plas-
monic metamaterial and an atomic media. The two resonators
have similar resonance frequencies ω12 ≈ ω˜13 (further proper-
ties as described in the text) couple through the local electric
fields represented by the coupling strength κ.
2tween the resonance width of the narrowband and the
broadband mode. However, in PIT this ratio is inher-
ently limited by intrinsic metallic loss of the plasmonic
molecule and thus the effect of PIT is usually less pro-
nounced than EIT in atomic systems. In view of these
limitations, it would be desirable to combine the advan-
tages of both worlds. Therefore, the question arises if
induced transparency can also be achieved in a hybrid
system composed of plasmonic structures and an ensem-
ble of atoms. The latter could be a quantum structure
or a simple dielectric with extremely narrowband absorp-
tion lines. Furthermore, the plasmonic molecules could
be deliberately designed for spectrally broadband radia-
tive dipole coupling to external fields. If the mutual inter-
action between the plasmonic and atomic system could
be controlled such that the broadband oscillations in the
plasmonic molecules interacted with the narrowband os-
cillations of the atomic system to interfere destructively,
induced narrowband transparency within the broadband
absorption line would become observable. In such a sys-
tem, the EIT-like effect would be rooted in the hybridized
fields of the plasmonic molecules and the atomic system.
Therefore, we refer to this effect as hybridization induced
transparency (HIT) throughout the text. In this article,
we describe and discuss the effect of HIT on the basis
of an analytic model and substantiate the validity of the
analytic description by numerical full wave simulations.
Even more importantly, we evidence HIT in a compos-
ite structure consisting of split ring resonators (SRRs)
and α-lactose monohydrate. In this proof-of-principle
experiment, HIT is observed due to the coherent cou-
pling of a broadband mode of the SRRs to a narrowband
mode resonance of α-lactose. Although here we restrain
ourselves to the hybridization of a metamaterial and an
atomic/molecular system, it is important to notice that
HIT is a general effect that is based on the mode hy-
bridization of a set of oscillators. Hence, the atomic
system could be represented by a wide range of solids,
fluids and gaseous materials and could open new routes
for the investigation of the coupling between metamate-
rials and ultracold gases. Moreover, the atomic system
could be substituted by quantum structures [20–22], me-
chanical oscillators [23], phonon excitations [24, 25] or
waveguides [26–29], to name only a few examples that
can be described in the regime of HIT.
ANALYTIC MODEL
The analytic model is based on a density matrix for-
malism and the solution of Maxwell-Bloch equations as
described in detail in [4]. In a very simplified approach,
we can describe the plasmonic and the atomic system as
2-level oscillators. This is illustrated in the level diagram
of Fig.1 . In this picture, the density matrix ρ12 of the
plasmonic system and ρ˜13 of the atomic system obey the
FIG. 2. Susceptibility (left column) and transmission (right
column) of the hybrid system for several ratios γ12/γ˜13 (upper
row) and coupling strength κ(lower row).
coupled differential equations
ρ˙12 = −i (∆12 − iγ12) ρ12 + i
µ12
h¯
EL (1)
˙˜ρ13 = −i
(
∆˜13 − iγ˜13
)
ρ˜13 + i
µ˜13
h¯
E˜L (2)
Hereby, ∆12 = ω12 − ω and ∆˜13 = ω˜13 − ω denote the
detuning between the resonance frequencies ω12, ω˜13 and
the excitation frequency ω, µ12 and µ˜13 are the transition
dipole moments, γ12 and γ˜13 are the damping constants
and EL = Eext + κP˜13 and E˜L = Eext + κP12 are the lo-
cal electric fields that are induced by the external electric
field Eext and the mutually excited polarizations P and
P˜ . The parameter κ describes the coupling strength be-
tween the plasmonic and atomic oscillators. The macro-
scopic polarizations can be calculated by
P12 = Nµ12ρ12 (3)
P˜13 = N˜ µ˜13ρ˜13 (4)
N and N˜ describe the number densities of plasmonic and
atomic oscillators. From the solutions of Eqs. (1)–(4) and
by homogenizing the composed system by a simplified
Maxwell-Garnett approach , we obtain for the complex
susceptibility χ of the composed system:
χ =
1
2ǫ0
(
P˜13
Eext
+
P12
Eext
)
(5)
For simplification of the following discussion, it is jus-
tified to assume that ω12 ≈ ω˜13, which means that the
resonance frequencies of the transitions |1〉 → |2〉 and
|1〉 → |3〉 are approximately equal. From the steady-
state solutions of (1) and (2) we obtain by applying (5)
for the imaginary part of the susceptibility χ′′ at fre-
3quency ω12 ≈ ω˜13 for ∆12 = ∆˜13 = 0:
χ′′ =
1
2ǫ0h¯
(
1
A−112 +
1
h¯2
κ2A˜13
+
1
A˜−113 +
1
h¯2
κ2A12
)
(6)
with A12 =
Nµ2
12
γ12
and A˜13 =
N˜µ˜2
13
γ˜13
. By inspection of (6)
we observe that, for a given A12, the imaginary part of
the susceptibility χ′′ and thus the absorption is reduced
to a minimum (I) if A˜13 is maximized and (II) if the
coupling constant κ is maximized. In the first case, A˜13
can be maximized by exploiting a spectrally narrowband
resonance (γ˜13 small) in the atomic system that overlaps
with the broadband resonance of the metamaterial. Fig.
2 shows the real and imaginary part of the susceptibility
and the transmission of a hybrid system for two different
ratios γ˜13/γ12 (Figs. 2(a),(b)) and coupling factors (Figs.
2(c),(d)) which confirm the discussed behavior.
EXPERIMENT AND SIMULATION
In order to verify our model, we investigated HIT in
the coherent coupling between a narrowband absorption
resonance of α-lactose monohydrate and the broadband
resonance of an array of SRRs in a proof-of-principle ex-
periment. α-lactose exhibits a spectrally narrowband,
strong resonance at a frequency of 0.53THz [30–32]. The
metamaterial structure was composed of a single layer of
square-shaped gold SRRs on top of a 27µm thick ben-
zocyclobutene (BCB) substrate. The SRRs had a thick-
ness of 200 nm, a side length of 58µm and the split gap
was 7µm. The unit cells were arrayed with a period-
icity of 75µm. For studying the coupling between the
SRR metamaterial and an atomic system, we coated the
SRRs with a 50µm thick layer of α-lactose. To obtain
a thin lactose film we diluted α-lactose powder in a sat-
urated aqueous solution and deposited it on top of the
metamaterial. To accelerate the crystallization process,
we heated the sample to a temperature of 90◦C, thus
minimizing mutarotation of lactose from the α to the
β anomeric form [33]. We measured the transmission
spectrum of the SRR-lactose sample by terahertz (THz)
time domain spectroscopy. The polarization vector of the
THz electric field was oriented along the gap of the SRRs
in order to excite the magnetic SRR resonance at nor-
mal incidence by electro-magnetic cross coupling. The
amplitude transmission spectrum is shown in Fig. 3(a).
Globally, the spectrum of α-lactose displays three dis-
tinct transmission minima. The minima at 0.53THz, 1.2
THz and 1.37THz are related to absorption lines of α-
lactose. The composed metamaterial/lactose system re-
veals four transmission minima whereof the minima at
1.2 THz and 1.37THz purely originate from α-lactose
and the minimum at 1.6THz corresponds to the Mie
resonance of the SRRs [34]. The broadband transmis-
sion minimum around 0.53THz stems from the magnetic
SRR resonance. Taking a closer look at the minimum
in Fig.3(b), we observe that the broadband absorption
is superimposed by a spectrally narrowband transmis-
sion window within the broadband SRR resonance at a
frequency of 0.53THz. This frequency is similar to the
resonance frequency of the narrowband absorption of α-
lactose. The induced transparency traces back to the
coherent, destructively interferent coupling between the
broadband SRR resonance oscillations and the narrow-
band, absorptive transition in α-lactose. In this respect,
the SRR metamaterial and the α-lactose interact via the
hybridized local electric fields. To substantiate this ex-
planation, we further investigated the interaction process
between the SRR metamaterial and α-lactose by 3D full
wave simulations based on a Finite Integration Technique
in the frequency domain (CST Microwave Studio). In
the model, the gold SRRs were described as lossy metal.
The permittivity of the BCB was 2.67 with a loss tangent
tan δ = 0.1. The geometric dimensions of the SRRs were
identical to the experimental values. We described the
permittivity of the narrowband absorption resonance of
α-lactose by a Lorentz-model
ǫ = ǫb +
b˜13
ω˜213 − iγ˜13ω − ω
2
(7)
Hereby, ǫb denotes the off-resonance background permit-
tivity of lactose, ω˜13 is the resonance frequency of the
transition, γ˜13 is the damping factor and b˜13 is the oscil-
lator strength per s2. We obtained a value of ǫb = 3.01
and a resonance frequency ω˜13 = 2π · 0.53THz from
spectroscopic measurements of α-lactose on a BCB sub-
strate. From the spectral width of the absorption line
of α-lactose we deduced a damping factor of the reso-
nance γ˜13 = 1.59 · 10
11s−1, whereas we employed the
lactose density dependent oscillator strength per s2 as
a free parameter to fit the simulation results to the ex-
perimental data. From this optimization we obtained
a value b˜13 = 2.24 · 10
23s−2. The calculated transmis-
sion spectrum is shown by the dashed line in Fig. 3(c).
The transmission spectrum is in good agreement with
the experimentally observed transmission and the HIT
effect can be well reproduced by the numerical calcu-
lations. The simulation results indicate coherent cou-
pling between the SRR resonance and the lactose reso-
nance and evidence the effect of HIT. To further corrob-
orate the physical interpretation of HIT, we employed
the analytic model to determine the transmission spec-
trum. For this purpose, we calculated the imaginary
part of the susceptibility of Eq. 5 by solving the cou-
pled differential equations (1) and (2). For the model,
we used the SRR and lactose resonance frequencies and
the damping factors from the experimental data while
we retrieved the dipole moments and the number densi-
ties from numerical calculations. We optimized the cou-
pling factor κ to fit the analytic transmission spectrum
to the experimental data. As can be seen from Fig. 3(d),
4FIG. 3. Transmission spectra. (a) measurements of an α-lactose sample (black) and the hybrid system (blue). (b) enlargement
of the resonant frequency region and spectrum of the metamaterial sample without α-lactose layer (green dotted). For a better
comparison this curve has been shifted to match the resonance frequency of the lactose covered system. (c)/(d) compares the
experimental to the simulative / analytical results.
the analytic model accurately describes the transmission
spectrum of the composite metamaterial/lactose system.
Since the model is based on coherent coupling of the
hybridized local fields of a metamaterial and an atomic
system, the good agreement with the experimental mea-
surements and the numerical simulations provides a con-
vincing proof of HIT. Although only demonstrated for a
specific proof-of-principle experiment, HIT is a general ef-
fect that describes coherent coupling in hybrid structures
composed of plasmonic and atomic oscillators. Since – in
principle – the optical properties of the plasmonic sys-
tem and the atomic system can be designed almost in-
dependently, HIT provides an enormous freedom for the
deliberate design of optical systems with tailored disper-
sion. Recently a similar experiment has been reported by
Hutchison et al., who discovered a narrow transmission
window in a hole array structure away from its resonance
frequency when covered by a J-aggregate at the absorp-
tion frequency of the dye [35]. They traced this obser-
vation back to interactions between the localized surface
plasmons and the molecular absorption and called this ef-
fect Absorption-Induced Transparency. This experiment
can be interpreted in the light of the analytical model
presented in this paper, where we demonstrated that the
induced transparency originates from coherent interac-
tions between the hybridized fields of two or more oscil-
lating systems that can be different in nature (mechan-
ical, electromagnetic, acoustic, etc.) rather than from
pure absorption of one of the oscillating systems. For
this reason, we conclude that the term hybridization in-
duced transparency adequately describes the underlying
physical mechanism of a great variety of considered sys-
tems involving induced transparency phenomena.
CONCLUSION
In conclusion, we showed that hybridization induced
transparency (HIT) can occur in a composite consist-
ing of a metamaterial and an atomic medium. HIT is
the hybrid analogue of electromagnetically induced trans-
parency (EIT) and plasmon-induced transparency (PIT)
in a mixed plasmonic/atomic structure. We explained
HIT based on an analytic model that describes the co-
herent coupling between the oscillations of plasmonic and
atomic oscillators. In a proof-of-principle experiment, we
evidenced HIT in a hybrid structure composed of a split
ring resonator metamaterial and α-lactose monohydrate.
The results were substantiated by numerical full wave
simulations. HIT is a general effect that can be exploited
for tailoring the dispersion of optical systems that consist
of a mixture of plasmonic and atomic elements at will.
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